Background-Estimation of an individual patient's risk for postoperative dialysis can support informed clinical decision making and patient counseling. Methods and Results-To develop a simple bedside risk algorithm for estimating patients' probability for dialysis after cardiac surgery, we evaluated data of 449 524 patients undergoing coronary artery bypass grafting (CABG) and/or valve surgery and enrolled in Ͼ600 hospitals participating in the Society of Thoracic Surgeons National Database (2002Database ( -2004. Logistic regression was used to identify major predictors of postoperative dialysis. Model coefficients were then converted into an additive risk score and internally validated. The model also was validated in a second sample of 86 009 patients undergoing cardiac surgery from January to June 2005. Postoperative dialysis was needed in 6451 patients after cardiac surgery (1.4%), ranging from 1.1% for isolated CABG procedures to 5.1% for CABG plus mitral valve surgery. Multivariable analysis identified preoperative serum creatinine, age, race, type of surgery (CABG plus valve or valve only versus CABG only), diabetes, shock, New York Heart Association class, lung disease, recent myocardial infarction, and prior cardiovascular surgery to be associated with need for postoperative dialysis (c statisticϭ0.83). The risk score accurately differentiated patients' need for postoperative dialysis across a broad risk spectrum and performed well in patients undergoing isolated CABG, off-pump CABG, isolated aortic valve surgery, aortic valve surgery plus CABG, isolated mitral valve surgery, and mitral valve surgery plus CABG (c statisticϭ0.83, 0.85, 0.81, 0.75, 0.80, and 0.75, respectively). Conclusions-Our study identifies the major patient risk factors for postoperative dialysis after cardiac surgery. These risk factors have been converted into a simple, accurate bedside risk tool. This tool should facilitate improved clinician-patient discussions about risks of postoperative dialysis.
C ardiac surgery, including coronary artery bypass (CABG) and valve surgery, remains one of the most common surgical procedures, performed in an estimated 608 000 US patients annually. 1 The characteristics of those undergoing cardiac surgery have changed over time. Increasingly, those referred for surgical evaluation are elderly and have multiple comorbid conditions. 2, 3 Although surgical outcomes also have improved over time, 3 these older, sicker patients remain at risk for postoperative complications.
Clinical Perspective p 2216
Postoperative renal failure requiring the initiation of dialysis ranks among patients' and physicians' most dreaded surgical complications. Postoperative renal failure has been shown to be associated with higher mortality, poor quality of life, and increased hospital length of stay and resource use. 4 -8 However, Ͻ25% of patients with renal failure after cardiac surgery require dialysis. 4, 6, 8 Thus, a means of estimating a patient's individual risk for postoperative dialysis (a more important adverse event from patients' and physicians' standpoint than renal insufficiency) based on multiple preoperative clinical factors would facilitate informed clinical decision making and patient counseling. The small number of patients studied in prior investigations precluded them from providing any information on risk factors for postoperative dialysis in patients undergoing cardiac surgery.
The Society of Thoracic Surgeons (STS) National Cardiac Surgery Database provides an opportunity to study a national sample of patients undergoing cardiac surgery at a diverse cross section of US hospitals. 9 -11 Using these data, we identified preoperative clinical variables and operative types associated with the need for postoperative dialysis after CABG and/or valvular heart surgery. Using these identifiers, we sought to create an efficient bedside tool to estimate the need for dialysis after cardiac surgery. We then examined the degree to which this tool could estimate risk among diverse patient subgroups and among those undergoing different cardiac surgical procedures (including isolated CABG, isolated aortic valve or isolated mitral valve surgery, CABG plus aortic valve surgery, and CABG plus mitral valve surgery).
Methods

Study Sample and Data Collection
The STS National Cardiac Surgery Database
The formation, rationale, and methodology of the STS database have been published previously. 9 -11 Briefly, this registry was initiated in 1986 to provide participants with their risk-adjusted outcomes compared with the national experience. Participants in the STS database receive individualized, semiannual, riskadjusted surgery outcomes, along with direct comparisons with the aggregate database population. This information is used by member institutions as a part of their continuous quality improvement efforts to help design strategies to improve their outcomes. This dataset contains detailed clinical information on Ͼ2.5 million registered patients undergoing cardiac surgery from Ͼ600 academic, private, military, and Veterans Affairs hospitals from 50 US states and 5 Canadian provinces.
Patient Population
We analyzed data on patients undergoing CABG alone, mitral or aortic surgery alone, or the combination of CABG and aortic or mitral valve surgery. We limited our analysis to contemporary patients receiving surgery from July 1, 2002, through December 2004 at STS participant sites. In addition, given our primary purpose, patients who were on dialysis before their CABG were excluded.
Data Definitions
Operative mortality was defined as all deaths occurring during the hospital period in which the operation was performed and those deaths occurring after hospital discharge but within 30 days of the procedure. Morbidity was defined as the presence of any one of the following complications: permanent stroke, prolonged ventilation (Ͼ24 hours), reoperation for bleeding, or deep sternal wound infection. The STS database collects preoperative serum creatinine, defined as the last value measured before surgery. We estimated glomerular filtration rate (GFR) on the basis of the Modification of Diet in Renal Disease study formula as suggested by the National Kidney Foundation guidelines. 12 Remaining definitions of risk factors were as provided on the STS website (www.sts.org).
Statistical Analysis
Summary statistics are presented as frequency and percentage or median and interquartile range. The distributions of risk factors and outcomes for those who did and did not require dialysis were compared through 2 tests for categorical variables and Wilcoxon rank-sum tests for continuous variables. Records with missing values of serum creatinine, age, gender, and race were excluded from all consideration. Missing values of BSA were imputed to gender-specific median values, while missing values of ejection fraction were imputed to 50%. Missing values of the remaining risk factors and various outcomes were defaulted to their most common value.
Predictive Modeling
Logistic regression modeling was used to estimate risk of dialysis as a function of patient preoperative characteristics. Predictor variables were selected from a list of 24 candidate variables by performing backward selection with a significance criterion of Pϭ0.10. Continuous variables were assumed to have a linear relationship (age, body surface area, left ventricular ejection fraction) or piecewise linear relationship (GFR) with the log odds of dialysis. Only 2 predictors were removed by backward elimination: congestive heart failure and smoking. The resulting model formed the basis for developing and evaluating a subsequent simpler model approximation and bedside risk scoring system.
Simplified Model Approximation
To reduce the number of variables, a parsimonious set of 10 predictor variables was identified that explained Ͼ90% of the variation in the predicted log odds of dialysis as estimated by the full model described above. These variables were chosen by selecting the 9 patient characteristics with the largest 2 statistics in the full logistic regression model, plus an indicator variable for type of surgery. To avoid complex calculations, GFR was eliminated at this stage and replaced by serum creatinine (a single linear term truncated at 4 mg/dL). The resulting set of variables was then entered into a multiple linear regression model in which the dependent variable was the predicted log odds of dialysis (as calculated by the full model described above). The regression equation that resulted from this process is an approximation of the full model. 13 The simplified model approximation was summarized by converting the regression coefficients to odds ratios. The accuracy of the simplified model approximation was assessed by computing the squared correlation between the predicted log odds based on the full model and the reduced model. We also calculated the average absolute deviation between the risk estimates obtained from the 2 different models. IQR indicates interquartile range; BMI, body mass index; BSA, body surface area; PCI, percutaneous coronary intervention; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; and IABP, intra-aortic balloon pump.
Bedside Tool
Regression coefficients from the simplified model approximation were then converted into whole integers to create a bedside risk prediction tool. 14 The reduction in accuracy that resulted from using whole-number regression coefficients was Ͻ1%. For each possible risk score, the risk of dialysis was estimated by averaging the predicted values from the original full model among all patients having the same risk score. The heterogeneity of dialysis risk among patients having the same risk score was assessed by plotting the distribution of predicted risk within risk score subgroups.
Finally, the performance of the risk tool was tested in a different subset of patients meeting the inclusion criteria of the development sample. This validation sample consisted of 86 009 STS records dating from January 1, 2005, to June 30, 2005. Patients were divided into 10 approximately equal groups based on their predicted risks of dialysis as estimated by the bedside tool. The c index (also known as the area under the receiver-operating characteristics curve) was used to determine the ability of the model to discriminate between patients with and without the need for dialysis. 15 Model calibration was assessed by comparing observed versus predicted rates of dialysis across deciles of predicted risk and by the Hosmer-Lemeshow test statistics. 15 All analyses were performed with S-Plus 6 (Insightful Corp, Seattle, Wash) and SAS 8.1 (SAS Institute, Cary, NC) software.
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Results
Baseline Clinical Features and Outcomes of Patients With and Without the Need for Postoperative Dialysis After Cardiac Surgery
Of a total of 449 524 patients undergoing cardiac surgery in our study, postoperative dialysis was required in 6451 patients (1.4%). This ranged from 1.1% for the 358 296 patients undergoing isolated CABG procedures to 5.1% for the 16 285 patients requiring CABG plus mitral valve replacement (Figure 1 ). In the validation sample of 86 009 patients, 1372 individuals (1.6%) required postoperative dialysis. Table 1 provides the preoperative characteristics of those requiring compared with those not requiring postoperative dialysis. The median age of patients needing postoperative dialysis was 7 years greater than those not requiring dialysis. Patients needing postoperative dialysis were 1.5-to 5.0-fold more likely to have comorbid preoperative conditions, including diabetes mellitus, chronic lung disease, peripheral or cerebrovascular disease, recent myocardial infarction, congestive heart failure, prior bypass or valve surgery, cardiopulmonary resuscitation, and cardiogenic shock (all PϽ0.0001). The incidence of postoperative dialysis also rose with increasing preoperative serum creatinine (and decreasing GFR) measurements (Figure 2 ). However, there was broad overlap in the preoperative creatinine levels among patients requiring compared with those not requiring postoperative dialysis (median serum creatinine levels, 1.8 versus 1.1 mg/dL, respectively; Figure 3) .
Patients needing postoperative dialysis had worse in-hospital outcomes than those not (Table 2) . Particularly, the in-hospital mortality was 18 times higher in those requiring postoperative dialysis (45%) than in those not needing postoperative dialysis (2.5%). Additionally, the overall median length of stay in the intensive care unit and postoperative hospital length of stay was increased by 11 and 13 days, respectively.
Multivariable Analysis
The initial full model identified 22 factors independently associated with increased risk of postoperative dialysis (Table 3 ). This multivariable model showed excellent ability to discriminate between patients requiring and those not needing dialysis after cardiac surgery (c statisticϭ0.84). We then simplified the model as described above by limiting to only 10 variables. This simplified model retained much of its predictive power (c statisticϭ0.83; for patients in the development sample, the average absolute deviation between estimates calculated from the full and simplified models was 0.44%).
The simplified model coefficients were then converted into an additive risk score for easier use in routine practice (Figure 4 ). For patients in the development sample, the average absolute difference between estimates calculated from the full model compared with estimates based on the risk scores was 0.43%. Figure 5 demonstrates the ability of the risk scores to identify those with low, modest, and high risk for postoperative dialysis. when tested in a validation set, the bedside tool performed well not only in the overall validation sample (c statisticϭ0.83, Hosmer-Lemeshow 2 statisticsϭ17.37, dfϭ10, Pϭ0.07 for lack of fit; Figure 6 ) but also among subsets of patients undergoing CABG, isolated valve surgery, or a combination of the two (c statistic rangeϭ0.74 to 0.83). Model calibration also was well preserved, with the Hosmer-Lemeshow statistic being nonsignificant for all groups except the CABG plus mitral valve surgery population (CABG plus mitral valve surgery was performed in few patients [3.6%] and had a limited number of event [6.0%] in the validation set).
Discussion
Physicians are increasingly being asked to counsel patients about their operative risk for complications after cardiac surgery. Postoperative renal failure requiring dialysis remains one of the most important complications equally feared by both physicians and patients. Rapid, accurate estimation of an individual patient's risk for this complication may facilitate clinical decision making and patient counseling. Having access to a national cardiac database, our study provides unique insights into the preoperative factors that portend increased risk of postoperative renal failure needing dialysis. We further developed and validated a simple bedside risk prediction tool that can be used to estimate accurately the probability of the need for postoperative dialysis for patients undergoing cardiac surgery.
Previous studies have demonstrated that a postoperative need to initiate renal dialysis occurs in 1.1% to 3.0% of cardiac surgery cohorts. 16 -18 Importantly, these studies indicate that the minority of patients who require dialysis after cardiac surgery have significantly longer in-hospital length of stay and extremely high mortality, with 63% to 100% of patients dying before leaving the hospital. 1, 16, 17 Our contemporary data suggest that the need for dialysis after cardiac surgery in the community at large is on the lower side of prior estimates (1.4%) despite the fact that surgery is increasingly being performed on elderly high-risk patients. Nevertheless, when postoperative dialysis occurs, our study concurs with earlier finding that postoperative dialysis remains associated with significant morbidity and mortality.
The risks for postoperative dialysis are clearly related to preoperative kidney function (Figure 2 ). These results support and extend the work of others. One prior study of renal function and outcome suggested that patients with a serum creatinine level Ն2.6 mg/dL are at extreme risk for dialysis dependency after CABG 16 and that perhaps alternative options for coronary management should be strongly considered. In contrast, our data suggest that this relationship is continuous and that risk of postoperative dialysis parallels the increasing serum creatinine. However, as we show in Figure 3 , preoperative serum creatinine alone is a relatively poor discriminator of those who will require dialysis. For example, although the average preoperative serum creatinine of those requiring postoperative dialysis is 1.6 mg/dL, up to three quarters of those with preoperative serum creatinine of 3.5 mg/dL will not require postoperative dialysis.
We also identified other important clinical factors beyond renal function that increased a patient's risk for postoperative dialysis. Advanced age and insulin-dependent diabetes have both been shown to be associated with glomerular sclerosis or disease, which increases the risk of renal failure in general and make subjects more susceptible to ischemic insults during cardiopulmonary bypass. 16, 17, 19 The unstable preoperative state among those with recent myocardial infarction, cardiogenic shock, and advanced functional class is more likely to be associated with reduced renal perfusion secondary to lower cardiac output, making these patients more vulnerable to renal damage during further reduction in flow during cardiopulmo- nary bypass. The risk also appears to be surgery specific, with the highest risk posed by a combination of CABG with valve surgery, particularly mitral valve surgery (Figure 1) . Similarly, repeat cardiac surgery also increases the risk. Valvular surgery, especially combined CABG and valve operations and repeat cardiac surgery, prolongs the on-pump time, increasing the likelihood of renal failure requiring dialysis in these patients. Chronic lung disease increases the liability of prolonged ventilation, leading to increased risk of pneumonia, sepsis, and multisystem organ failure, resulting in renal failure and dialysis. Finally, in general, nonwhites have increased risk of renal failure requiring dialysis. 20 Perhaps the perioperative milieu during cardiac surgery further accentuates this tendency in this at-risk population. Further investigations are needed to understand the pathophysiological mechanisms underlying this racial predilection for postoperative dialysis. Our predictive models also benefited from being derived from a very large national patient sample. As a result, we were able to test and validate this simplified risk tool across a wide spectrum of patient population and operative procedures. Additionally, the large number of events of interest (postoperative dialysis) in the development (nϭ6451) and validation (nϭ1372) cohorts, the model fit in the validation set, and the excellent performance of the risk score in risk stratification and in different subgroups of patients undergoing CABG and/or valve surgery not only lend credence to the robustness of the model but also suggest a high predictive accuracy of the same.
Clinical Implications
Our findings have several clinical applications. It is estimated that 608 000 patients underwent open heart surgery in the United States in 2002. 1 Of these, on the basis of the findings of our study, Ϸ8500 patients would be expected to develop renal failure that required dialysis, and of these 8500, half would die. In addition, the 13 extra days spent on average in hospital after surgery by those requiring postoperative dialysis translate into an average of 110 500 patient-days in hospital, most of it in the intensive care unit. Thus, this complication after open heart surgery has tremendous implications in terms of cost for the already challenged healthcare industry. Identifying patients before cardiac surgery would allow the at-risk patients to receive treatment strategies to minimize the risk of postoperative renal failure in general and dialysis in particular to improve patient outcomes and to reduce the burden of healthcare cost. Potentially helpful strategies include avoiding nephrotoxic drugs, including aminoglycoside antibiotics and nonsteroidal antiinflammatory drugs before, during, and after surgery; avoiding prolonged cardiopulmonary bypass if needed by choosing to perform fewer anastomoses; or performing operations instituting significantly aggressive hypothermic regimen or off pump. Furthermore, optimizing the patient's hemodynamics and improving renal perfusion by using inotropes, closely monitoring fluid and renal status, and vigorously controlling blood glucose levels in the perioperative period also may help to minimize the incidence of this complication. In addition, identifying patients at high risk for postoperative renal failure requiring dialysis would enable communication of this risk to patients and family, allowing more comprehensive informed consent. Finally, our risk tool could be used for risk adjustment in clinical research and in observational studies for comparing the need for postoperative dialysis among diverse groups of patients undergoing cardiac surgery.
Study Limitations
Our study findings should be viewed in light of the limitations of this study. As is true in any observational study, we are unable to account for the influence of any unmeasured factors on the risk of postoperative dialysis. In particular, we did not have the details on the intraoperative and postoperative management of these patients. Thus, we are unable to determine whether surgical risk can be altered by optimizing perioperative care. Furthermore, although our findings suggest association of baseline factors with need for dialysis, a cause-effect relationship should not be inferred. Future studies evaluating mechanisms underlying these associations are in order. The current database allowed only for evaluation of short-term risk because we had no information on long-term outcomes. Finally, we did not have any data on the length of postoperative dialysis (temporary versus long term) and are unable to provide information on differences in outcomes between the 2 groups.
Conclusions
We conclude that the estimation of patient-specific risk of dialysis after cardiac surgery is feasible with the simplified additive risk tool developed in our study using routinely available preprocedural data. We believe that physicians will find this tool applicable and useful in routine clinical practice. However, future studies are needed to understand the mechanisms and pathophysiology of renal dysfunction requiring dialysis after cardiac surgery and to develop and evaluate clinical and therapeutic strategies that not only would help to minimize the risk of this complication but also would result in an improvement in the otherwise dismal morbidity and mortality rates observed among patients with this complication.
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